Abstract Recent evidences have suggested that humoral factors released from the appropriate cocultured cells influenced the expansion and differentiation of mesenchymal stem cells (MSCs). However, little is known about the proliferation and differentiation of MSCs subjected to co-culture condition with tenocytes. In this study, we aimed to establish a coculture system of MSCs and tenocytes and investigate the proliferation and tendon/ligament related gene expression of MSCs. MTT assay was used to detect the expansion of MSCs. Semi-quantitative RT-PCR was performed to investigate the expression of proliferation associated c-fos gene and tendon/ligament related genes, including type I collagen (Col I), type III collagen (Col III), tenascin C and scleraxis. Significant increase in MSCs expansion was observed after 3 days of co-culture with tenocytes. The c-fos gene expression was found distinctly higher than for control group on day 4 and day 7 of co-culture. The mRNA expression of four tendon/ligament related genes was significantly up-regulated after 14 days of co-culture with tenocytes. Thus, our research indicates that indirect coculture with tenocytes promotes the proliferation and mRNA expression of tendon/ligament related genes in MSCs, which suggests a directed differentiation of MSCs into tendon/ligament.
Introduction
Tendon is a tough band of fibrous connective tissue that usually connects muscle to bone and is capable of withstanding tension. When overused or subjected to sudden high strain, injuries such as inflammation, degeneration of the tendon might occur, which may eventually lead to rupture. However, probably because tenocytes are highly differentiated cells and have limited potential to replicate, the instinct healing ability of tendon is poor and replacement tissues are usually required for tendon regeneration Violini et al. 2009 ). Recently, using adult bone marrow derived MSCs as seed cells to regenerate functional tendon attracted great interests with the promising use of MSCs in engineering tissue construction and transplantation without allograft rejection.
MSCs can be easily obtained from adult bone marrow, fat, umbilical cord blood and fetal tissues and expanded in vitro while maintaining their multipotency (Caplan 2007; Chamberlain et al. 2007) . A number of protocols have been developed to achieve MSCs differentiation by proper stimulations of physical factors, hormones, chemical molecules or growth factors (Aaron and Ciombor 1996; Chamberlain et al. 2007) . Under the appropriate condition, MSCs are capable to differentiate into multiple mesenchymal lineages including osteoblasts, chondrocytes, adipocytes, myocytes and tenocytes as well as hepatocytes in endoderm and neural cells in ectoderm (Caplan 2007; Chamberlain et al. 2007; Brazelton et al. 2002; Krampera et al. 2007; Lange et al. 1999) .
The potential application of MSCs to accelerate tendon repair in vivo have been described in previous literatures. Ouyang et al. directly delivered the allogeneic MSCs into the wounded rabbit patella tendon and found the seeded MSCs remained viable within the wounded site and had the potential to influence the formation and remodeling of injured tendon (Ouyang et al. 2004) . Seeded on the scaffold, MSCs have been illustrated to repair and regenerate injured tendons after implanted into animal models together with the scaffold (Ouyang et al. 2003; Awad et al. 2003; Juncosa-Melvin et al. 2005) . JuncosaMelvin et al. further showed that mechanical stimulation of MSCs-collagen sponges constructs significantly improved tendon repair in rabbit model (Juncosa-Melvin et al. 2006) . In vitro, MSCs have been successfully induced into tenocytes by exposure to growth factors BMP-12 (Violini et al. 2009 ) or low-dose FGF-2 (Hankemeier et al. 2005) . Meanwhile, GDF-5 has also been reported to increase mRNA expression of Col I and SCX in MSCs which are believed to be the markers of tendon/ligament differentiation (Farng et al. 2008) . Ouyang et al. showed when assembled with frozen tendon graft in vitro, previously made MSCs sheets were wellincorporated within the tissue sheath around the tendon and adopted characteristic spindle-shaped morphology of tenocyte-like cells (Ouyang et al. 2006) . Distinctively, mechanical measures were more recommended for tenogenic differentiation of MSCs than other phenotypes of differentiation. It has been demonstrated that cyclic mechanical stretch not only up-regulated mRNA level expression of tendon/ ligament-related genes such as Col I, Col III, TNC (Farng et al. 2008; Chen et al. 2008; Altman et al. 2002; Lee et al. 2007 ) but also was required for maintaining the expression of those tendon makers (Kuo and Tuan 2008) . The MSCs-collagen sponges construct engineered tendon tissue subjected to cyclic mechanical stretch before transplantation has been demonstrated to significantly improve tendon repair and show better mechanical properties than control group (Juncosa-Melvin et al. 2006) .
Several groups have illustrated that MSCs underwent site-specific differentiation into typical lineages when site-directed delivered into healthy or injured tissues (Chamberlain et al. 2007; Ouyang et al. 2004) , which suggested that microenvironment and intercellular crosstalk play a critical role in cell fate determination of MSCs. Recently, co-culture systems have been developed to simulate the in vivo microenvironment and managed to induce MSCs differentiation, which was probably due to the humoral factors released by the appropriate cells. Moreover, this in vitro culture system made MSCs fate more controllable than in vivo and easier for understanding the molecular events within the crosstalk of MSCs and the local environment. Co-culturing with appropriate cell types, MSCs have been elucidated to commit to corresponding lineages, such as osteoblasts (Csaki et al. 2009 ), chondrocytes (Chen et al. 2009 ), ligament cells (Lee et al. 2007 ), cardiomyocytes , hepatocytes (Lange et al. 1999) and smooth muscle cells Ball et al. 2004) . Interestingly, direct cell-to-cell contact has been proven to be indispensable for the commitment of a sort of cell types, such as smooth muscle cells and cardiomyocytes Ball et al. 2004) .
Though MSCs graft was proven to support wounded tendon healing in vivo as described previously (Ouyang et al. 2003 (Ouyang et al. , 2004 Juncosa-Melvin et al. 2005 Awad et al. 2003) , little is known about the exact MSCs commitment process and the mechanism of differentiation still remains unclear. Besides in vivo researches, in vitro co-culture system might offer another view to enucleate these questions. So far, the methods established for tenogenic differentiation of MSCs mostly based on mechanical loading and the changes of MSCs subjected to the microenvironment with full differentiated tenocytes are seldom investigated. In this study, we aimed to establish an indirect cell-to-cell contact co-culture system of rat MSCs and primary tenocytes and elucidate the proliferation and differentiation of MSCs affected by the microenvironment with tenocytes.
Materials and methods

MSCs and tenocyte isolation and culture
Adult Sprague-Dawley (SD) rats were obtained from Animal Center of the Third Military Medical University (Chongqing, China) and all procedures have been approved by the care of Experimental Animals Committee of Chongqing University, Chongqing, China. Bone marrow of 2-month-old SD rat was aspirated from rat thighbones and shinbones with 10 mL syringe containing 5 mL of low glucose DMEM (L-DMEM) medium (Gibco, Grand Island, NY, USA). Rat bone marrow MSCs were obtained by density gradient centrifugation with 1.073 g/mL Percoll (Sigma, Saint Louis, MO, USA) at 2,500 rpm/min for 30 min. The isolated MSCs were cultured in L-DMEM medium supplemented with 10% FBS (Hyclone, Logan, UT, USA), 100 U/mL penicillin and 100 lg/mL streptomycin at 37°C with 5% CO 2 in the incubator. Fresh medium was changed every 3 days and 1-3 passaging was performed when MSCs achieved 90% confluence. Cells at the 3rd passage (P3) were used for experiments.
To isolate rat primary tenocytes, the Achille tendons were separated from rat forefeet and cut into pieces with the size around 1 mm 3 . The tissue pieces were placed onto culture surface of a 50 mL flask evenly, which was leaved upside down in the incubator with 3 mL culture medium and turned around after 24 h. Some colonies formed within 10 days. The culture medium used for tenocytes was the same as for MSCs. After about 15 days, the cells were ready for passaging. Cells at P3 passage were used for co-culture experiments with MSCs.
MSCs characterization
The determination of MSCs characteristics were performed by both flow cytometry and cell fate induction. Briefly, MSCs were trypsinized, washed with PBS, resuspended and stained with FITCconjugated mouse anti-rat CD44 (Serotec, Oxford, UK), CD90 (Serotec) and PE-conjugated mouse antirat CD34 antibodies (Santa Cruz, CA, USA) according to the manufactures' instructions, while FITC or PE conjugated mouse IgG1 (Santa Cruz) staining cells were used as isotype controls. The expression of cell-surface antigens was detected by FACScalibur (BD Bioscience, San Jose, CA, USA) and analyzed by flowjo software (TreeStar, Ashland, OR, USA). To determine the multipotent differentiation ability, MSCs were induced into osteoblasts, adipocytes with the published protocols (Pittenger et al. 1999 ).
Co-culture condition
The co-culture system was constructed with a transwell chamber (Millipore, Bedford, MA, USA) which can be inserted into the well of 6-well plates. MSCs were seeded on 6-well tissue culture polystyrene plates (Costar, NY, USA) at 2 9 10 4 /well while at the ratio of 1:1, tenocytes were seeded on the membrane (with pore size of 1 lm) of the transwell chamber. The chamber were inserted into the well of the plate and 3 mL of L-DMEM medium was added to cover both upper layer tenocytes and lower layer MSCs, allowing the crosstalk of the two cell types. Half of the culture medium was changed every 3 days.
MSCs proliferation assay
When investigating proliferation in the co-culture system, MSCs were firstly synchronized by serum starvation for 24 h in incubator before seeded into 6-well plate. Flow cytometry was performed to verify synchronization by cell cycle analysis using PI (propidium iodide) staining as previously described (Song et al. 2004 ). The number of 2 9 10 4 synchronized MSCs or tenocytes were seeded into the well or inserted chamber, respectively, at day 0. The expansion of MSCs was detected by MTT assay everyday from day 1 to day 7. For MTT assay, the inserted chamber was removed and 0.6 mL of 5 mg/mL MTT was added into the well. After incubation for 4 h at 37°C, the supernatant was discarded and 4 mL dimethyl sulfoxide (DMSO) was added to completely dissolve the MTT formazan. The formazan solution of 200 lL was removed into a well of a 96 well plate and the optical density (OD) value was measured at a wavelength of 490 nm with a microtiter plate reader (Model 550, Bio-Rad, Hercules, CA, USA).
Semi-quantitative RT-PCR
Total RNA was isolated using RNA extraction kit (Qiagen, Valencia, CA, USA) and the potential genomic DNA contamination was digested by RNase free DNase I (Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed with Oligo dT primer (Invitrogen) and SuperScript II reverse transcriptase (Invitrogen) following the manufacture's instructions. Primers for semi-quantitative PCR were designed at similar Tm value around 60°C by Primer Premier 5.0 software based on the reference mRNA sequences from NCBI Genebank and synthesized by Invitrogen (Shanghai, China). The primer sequence, product length and Genebank No. of reference mRNA sequence were shown in Table 1 . 2 9 PCR Master Mix (Fermentas, Shenzhen, China) were used to make PCR reaction mixtures with primers, cDNA and water. The reaction mixtures were incubated for 3 min at 94°C, followed by 94°C for 30 s, 55°C for 30 s and 72°C for 60 s up to 35 cycles, and then 72°C for 7 min. For each gene, a reaction mixture with water instead of cDNA template was run at the same time as a negative control. The PCR products were analyzed with 1.5% agarose (Takara, Dalian, China) gel electrophoresis (Gel Doc XR ? system, Bio-Rad) and Quantity One 1-D Analysis software (Bio-Rad).
Statistics
All experiments were repeated 6 or 7 times. Data were analyzed with two-tail t-test using Excel software (Microsoft, USA). Differences were considered significant when p \ 0.05.
Results
Characterization of MSCs and morphology of tenocytes
The isolated MSCs were homogeneously adhered histoleucocytes and expanded rapidly in L-DMEM medium with 10% FBS. The majority morphology of cultured MSCs was narrow spindle-shaped (Fig. 1a) . MSCs showed fingerprint-like orientation when achieving confluence. MSCs express a number of surface markers, however none of which is specific for MSCs. It is generally agreed that MSCs do not express the hematopoietic makers such as CD34, CD45, CD14 or CD11, and do express CD44, CD90, CD29, CD73 and CD105 (Chamberlain et al. 2007 ). Thus, to identify the characteristics of rat bone marrow derived MSCs, the expression of three surface antigens, CD34, CD44 and CD90 was detected by flow cytometry. 92.9% of MSCs expressed CD44 and 96.9% expressed CD90 while only 1.13% expressed CD34 (Fig. 1c) . Meanwhile, the expression of these antigens did not vary much between the different passages before passage five, neither between different donors (data not shown). The multipotent differentiation ability of MSCs was also confirmed with cells at the third passage by successful differentiation into osteoblasts, adipocytes using the published protocols (data not shown).
The primary tenocyte colonies formed around the tissue pieces within 10 days and the cells presented a (Fig. 1b) .
Proliferation of MSCs co-cultured with tenocytes
To clarify whether co-culture of MSCs and full differentiated tenocytes can stimulate the expansion of MSCs, the proliferation of MSCs was detected by both hemocytometer and MTT assay every day from day 1 to day 7. A parallel group without tenocytes seeded on the inserted chamber was set as control.
The MTT results showed that there was no significant growth difference between control and co-culture group at the first 2 days of co-culture. After day 3, MSCs in co-culture group grew faster than control and a significant difference was found (Fig. 2a) . c-fos, a member of a family of intermediate early genes (IEGs), is identified as a proto-oncogene in virology research and the expression of which plays an important role in cell proliferation (Ovitt and Ruther 1989; Angle and Karin 1991) . c-fos was also believed to be associated with the activation of protein mediating cell growth (Karin 1995) . The expression of c-fos gene was assayed by semiquantitative RT-PCR at day 0, day 4 and day 7, respectively, and the relative expression of c-fos was normalized to b-actin. Fold changes of expression were counted by normalizing to the relative expression amount of corresponding control groups. The result showed that the expression of c-fos gene was up-regulated after co-culture with tenocytes for 4 and 7 days, which were 1.2 and 1.6 folds higher than that of control (Fig. 2b) . mRNA expression of tendon/ligament related genes in MSCs co-cultured with tenocytes TNC and SCX, especially SCX, have been recently reported to be the tendon specific markers which were higher expressed in tenocytes or ligament cells than in other fibroblasts (Schweitzer et al. 2001; Altman et al. 2002; Oldfield and Evans 2003) . SCX has been illustrated as the specific marker for tendon development and expressed in earlier tendon progenitor cells and continuously expressed through tendon development (Schweitzer et al. 2001) . Col I and Col III, are the main collagens found in connective tissues matrix (Liu et al. 1995) , hence their up-regulation of expression are considered as primary reference for tenogenic differentiation.
The mRNA expression of Col I, Col III, SCX and TNC was detected by semi-quantitative RT-PCR. In primary tenocytes, these genes, especially TNC and SCX, were expressed at a higher level than in MSCs (Fig. 3) . To clarify the expression change of Col I, Col III, SCX and TNC in MSCs with or without coculture with tenocytes, semi-quantitative RT-PCR was performed to investigate the mRNA expression on day 7, day 14 and day 21. After co-culture of 7 days, Col I and Col III expression in MSCs was not significantly changed, while the two tendon specific genes, TNC and SCX, were found significantly upregulated. When detected on day 14 and day 21 of coculture, the relative expression of the four genes was significant higher than control groups. Especially, the expression of TNC and SCX was shown more than twofold increased (Fig. 3) .
Discussion
To take MSCs into tendon tissue engineering use, how to vast expand and differentiate MSCs into tenocytes are the basic issues which need to be considered. It has been illustrated that growth factors such as FGF-2, FGF-4, BMP-2, EGF, PDGF, promoted the proliferation of in vitro cultured MSCs (Martin et al. 1997; Liu et al. 2009; Choi et al. 2008; Tamama et al. 2006) . Meanwhile, when co-cultured with ligament cells (Mizuno et al. 2008) or vascular endothelial cells (Sun et al. 2007 ), the proliferation of MSCs was elevated which was believed due to the humoral factors released from the co-culture cells. Our previous researches also elucidated cyclic mechanical stretch enhanced the proliferation of rat and human bone marrow derived MSCs (Song et al. 2007a, b) . However, the effect on the proliferation of MSCs when they were subjected to the co-culture condition with tenocytes, was poorly described. In this study, we showed that after co-culture for 3 days, the expansion of MSCs was significantly faster than those without co-culture. Moreover, c-fos gene, a proto-oncogene and its up-regulation was believed to be the symbol of the promotion of cell proliferation, was found up-regulated on day 4 and day 7. These results indicated that with the dose-cumulation of factors released from the co-cultured tenocytes, MSCs were stimulated to proliferate faster comparing to those without co-culture. The expression of c-fos was also enhanced from day 1 to day 4 due to the dose-cumulation of factors released from tenocytes, and the factors kept c-fos continuously expressed at a higher level than that for the control group from day 4 to day 7. Yet, little is known about the critical factors promoting MSCs expansion in the co-culture system. Tendon/ligament cells were reported to secrete a number of growth factors when healing or stimulated, such as IGF, TGF-b, FGF-2 and PDGF (Lyngstadaas et al. 2001; Dahlgren et al. 2005) , among which FGF-2, PDGF and BMP-2, a member of TGF-b superfamily, have been illustrated to promote MSCs division in vitro (Martin et al. 1997; Liu et al. 2009; Choi et al. 2008; Tamama et al. 2006 ). In our co-culture system, the exact factors playing the critical role in MSCs proliferation need to be further clarified.
MSCs transplantation was found to be an effective strategy to accelerate tendon regeneration in many literature references (Ouyang et al. 2003 (Ouyang et al. , 2004 Juncosa-Melvin et al. 2005 Awad et al. 2003) , which suggested that contact or crosstalk of MSCs and neighboring cells influenced the proliferation and differentiation of MSCs. The humoral factors released form the neighboring cells were probably responsible for these changes. Co-culture system allowed the contact of different cell types in vitro which ideally simulated the coexisting microenvironment of cells in vivo, thereby made it possible to investigate the molecular events during the crosstalk and made cell fate determination more controllable than directly injecting MSCs into tissues. The differentiation of MSCs affected by full differentiated cells in direct or indirect co-culture systems were investigated by a number of groups and differentiation of MSCs were achieved or promoted (Lange et al. 1999; Lee et al. 2007; Csaki et al. 2009; Chen et al. 2009; Wang et al. 2006; Ball et al. 2004 ). However, little is known about the proliferation and commitment of MSCs subjected to co-culture conditions with primary tenocytes.
Formerly, the lack of attention given to tendons/ ligaments genesis can be largely attributed to the absence of specific early molecular markers for these tissues. Recently, scleraxis, a basic helix-loop-helix transcription factor, was discovered specifically associated with embryonic tendon and ligament development (Schweitzer et al. 2001 ). In addition, TNC, an extracellular matrix glycoprotein, was reported to be expressed in adult tendon-associated tissues. Thus, the expression of SCX and TNC is considered as the marker of tenogenic differentiation in vitro (Schweitzer et al. 2001; Hsia 2005; Chiquet-Ehrismann and Tucker 2004). Though, it was illuminated later that in some fibroblasts these two genes were slightly expressed, the expression level in tenocytes was much higher (Pak et al. 2003; Seo et al. 2004 ). On the other hand, Collagen types I, III, V, IX, X, XI, XII and XIV are known or thought to be involved in bone, tendon or ligament healing, especially Col I and Col III are the main collagens found in connective tissues, such as tendon and ligament. Thus, the up-regulation of these two genes is also believed to be the symbol of tenogenic differentiation. Our study elucidated that after 14 days of indirect co-culture with tenocytes, the tendon-related genes, including Col I, Col III, TNC and SCX, were significantly up-regulated, though no significant changes of Col I and Col III were detected on day 7 of co-culture. The expression of these genes was even more increased after 21 days of co-culture, with 1.3-fold change for Col I, 1.5-fold change for Col III and more than twofold change for TNC and SCX than seen in control MSCs. It should be noted that due to the lack of commercial antibody reacting with rat SCX, we did not explore the expression of this tendon/ligament related gene at a protein level. This is a limitation of this paper since combination of expression of those tendon/ligament related genes at mRNA level by RT-PCR and protein level by immunocytochemistry or western blot are important to obtain a clearer insight.
In our experiments, indirect co-culture was performed with an inserted chamber, hereby MSCs and tenocytes were separated by the membrane of the inserted chamber, and only soluble factors were allowed to diffuse. Though direct contact was reported to be inevitable for differentiation in some of the published studies Ball et al. 2004) , in our study, the mRNA expression of tenocyte related genes was up-regulated in the absence of direct contact of MSCs and tenocytes, which suggested that direct contact of MSCs and tenocytes was not indispensable for MSCs differentiation. However, it is interesting to study whether direct contact of MSCs and tenocytes promote tenogenic differentiation with higher efficiency. In our experiments, we showed the tenogenic differentiation of MSCs was triggered by the soluble factors in the co-culture system but the critical factors resulting in the differentiation remained unclarified, which is a worthwhile work for our future study.
In summary, we investigated the effect of rat MSCs and tenocyte co-culture microenvironment on the proliferation and tenogenic differentiation of MSCs. We showed that MSCs expansion was promoted after 3 days of co-culture with tenocytes and proliferation-related c-fos gene expression was enhanced after 4 days of co-culture. Meanwhile, semi-quantitative RT-PCR showed that the tenogenic differentiation related genes, Col I, Col III, SCX and TNC, continuously up-regulated after 7 days of coculture with tenocytes, which suggested the tenogenic differentiation of MSCs.
